Introduction
Blacklip (Haliotis rubra) and greenlip (H. laevigata) abalone are herbivorous marine gastropods inhabiting reefs and boulder fields in waters off southern Australia. Commercial harvesting of these species began in the late 1960's and studies on their reproductive biology were initiated soon after (Harrison and Grant, 1971; Shepherd and Laws, 1974) . Shepherd and Laws (1974) demonstrated that the reproductive cycle of these species in South Australia varied both annually and geographically, with varying degrees of seasonality in spawning. Subsequent studies on stocks from Victoria (McShane et al., 1986) , Tasmania (L. Gurney, pers. comm.) and Western Australia (Wells and Mulvay, 1992) have also reported seasonal peaks in spawning, but as yet no direct link between gonad development and environmental variables has been established in these species. Kikuchi and Uki (1974a,b) first quantified the effect of temperature on sexual maturation of haliotids. They monitored the increase in the Visual Gonad Index (VGI) of H. discus hannai and H. discus discus at different water temperatures. The VGI is a noninvasive, semi-quantitative means of assessing gonad bulk in abalone and consists of four categories (0-3), describing successive changes in the size and shape of the gonad. At temperatures within the normal range for each species, there were positive linear relationships between the VGI (when the mean VGI ≤2.5) and conditioning time. The rate of increase in VGI was proportional to water temperature, and when each value was plotted against water temperature, the zero value for VGI could be interpolated. This gave an estimate of the Biological Zero Point (BZP), the temperature below which gonad development is arrested. By subtracting the BZP from the daily water temperature and summing this figure over the conditioning time (in days), Kikuchi and Uki (1974a,b) were able to describe the Effective Accumulative Temperature (EAT, expressed as EATºC-days) for completion of gametogenesis and spawning. At present, there is only one account of the EAT for gamete maturation of southern hemisphere abalones (Kabir, 2001 for H. australis and H. iris) .
Reproductive development in abalone may also be quantified by gonad indices and oocyte size. Gonad indices are based on cross-sectional measurements of the conical appendage (i.e. the gonad-digestive gland complex) and vary in their complexity and accuracy (see Hahn, 1989 for a review). The Modified Gonad Bulk Index (MGBI) of Tutschulte and Connell (1981) uses linear measurements from both the exterior and interior (i.e. the dimensions of each tissue in cross-section) of the conical appendage to produce the Estimate of Gonad Volume (EGV). The EGV is then divided by the shucked wet weight of the animal to yield the MGBI. Lleonart (1992) showed that the EGV could be derived using area rather than linear measurements. Furthermore, the formula given by Lleonart (1992) uses fewer terms than that of Tutschulte and Connell (1981) making it easier to compute.
Measurement of oocyte size as a means of describing reproductive development in marine organisms was first undertaken by Thompson (1915 , cited by Clark, 1934 . However, oocyte size frequency polygons are often difficult to interpret and are not amenable to significance testing. Grant and Tyler (1983a,b) reviewed the various means of describing and analyzing reproductive patterns in marine invertebrates. They promoted contingency table analysis as a means of determining statistically significant differences in oocyte size frequency data, and tables of standardized residuals to show the location of these differences, with positive residuals indicating a greater than expected frequency of oocytes in that size class, and negative residuals a lower than expected frequency of oocytes. The use of contingency table analysis and tables of standardized residuals has become common in studies dealing with changes in oocyte size (expressed as diameter, area or volume) frequency in abalone held under artificial (e.g. constant temperature) conditions (Lleonart, 1992; Hahn, 1994; Moss, 1998; Kabir, 2001 ). However, this method has only been used once for wild abalone (Kabir, 2001) , despite the large number of studies on reproduction in wild haliotids.
The aim of this study was to first, describe gonad and oocyte development of blacklip and greenlip abalone held at four different temperatures (12, 14, 16 or 18ºC) using several different indices (VGI, MGBI and oocyte size frequency) and second, to use the daily rate of change of these indices to calculate the BZP for gonad development of both species. Knowledge of BZP enables the calculation of the EAT for gamete maturation of these species (when the daily temperature and time interval are known). This allows comparisons of the gametogenic cycle between species, between wild and domesticated (i.e. cultured) stocks and also between populations with different thermal histories. An alternative means of calculating oocyte volume and an improved contingency table format is also presented.
Methods

Collection and inspection of animals
Blacklip and greenlip abalone were collected from West End, Settlement Point and Roydon Island (Furneaux group, north east Tasmania) on 23 November 2000 and 27 April 2001. Animals were transferred to the Tasmanian Aquaculture and Fisheries Institute, Marine Research Laboratories and held in 600 L tanks supplied with ambient temperature seawater until examination and allocation to experimental treatments. Prior to the start of the experiment (10 May 2001), animals were measured, weighed, tagged and VGI assessed according to the following criteria: 0 = sex indistinguishable; 1 = sex distinguishable, thin gonad with pointed tip; 2 = gonad partially enlarged with pointed tip; 3 = gonad swollen with rounded tip. In both species, the size range for experimental animals was 100-130 mm shell length (SL). Blacklip abalone ranged from 143-334 g (mean = 218 g) and greenlip abalone from 107-323 g (mean = 210 g). The majority of animals of both species had VGI scores of zero. Animals with VGI values of 2 or 3 were induced to spawn using heated UV-irradiated seawater (Grubert and Ritar, 2002) . Only animals that spawned or had zero scores when first examined were used in the experiment. Of these, five to six animals of each sex and species were killed immediately post spawning and the gonad processed as detailed below. Animals generally appeared healthy, but the shells of some greenlips had small colonies of the spionid polychaete mudworm Boccardia knoxi.
Experimental design
Abalone of each sex and species were held in separate 150 L fibreglass tanks. Within each sex and species group, 36 animals were randomly assigned to each of four experimental temperatures (12, 14, 16 or 18ºC) with two replicate tanks per temperature treatment (2 x 2 x 4 x 2 = 32 tanks total). The time interval for sampling was based on estimated BZP figures of 7.0ºC for blacklip abalone and 8.0ºC for greenlip abalone and an EAT interval of 400°C-days for both species. For blacklip abalone, the number of days between each sampling (n = the number of samplings at each temperature) were 80 days at 12ºC (n = 3), 57 days at 14ºC (n = 4), 44 days at 16ºC (n = 6) and 36 days at 18ºC (n = 6). Corresponding values for greenlip abalone were 100 days at 12ºC (n = 3), 67 days at 14ºC (n = 4), 50 days at 16ºC (n = 6) and 40 days at 18ºC (n = 60). At these times, VGI was determined in 4-6 animals in each treatment group (selected at random from the duplicate tanks) and the mean VGI plotted against culture time for each temperature treatment. The slopes of these lines were then plotted against water temperature and the x-intercept (and associated confidence limits) determined using inverse prediction (Zar, 1996) .
Husbandry and monitoring
Each experimental temperature was maintained using a 10kW heat-chill unit, with flow rate to each tank set at 1.5 L min -1 . Temperature was recorded using StowAway TidbiT temperature loggers (Onset Computer Corporation, Massachusetts) in each system. Animals were fed daily to satiation on a broodstock conditioning diet (Adam and Amos Abalone Foods Pty Ltd, South Australia). Photoperiod was maintained at 12L:12D starting at 06:00h and light intensity at the bottom of the tanks (when filled) was 90-100 Lux.
Histology
Following determination of the VGI, abalones were shucked, weighed and the distance from the anterior (i.e. tip) of the conical appendage to the apex of the visceral spire was measured and the mid-point calculated (similar to that illustrated in Ault, 1984 except that posterior measurement was to the apex of visceral spire not the base of the conical appendage). A transverse cut was made at the mid-point and the anterior section fixed in Formaldehyde Acetic Acid Calcium Chloride (FAACC). Gonad samples were embedded in wax, sectioned transversely at 6 μm and stained using Mayer's Haematoxylin and Young's Eosin.
Calculation of the Modified Gonad Bulk Index (MGBI) and measurement of oocytes
Images of conical appendage sections were captured using Leica IM50 software. The cross-sectional areas of the conical appendage (A T ), and digestive gland (A DG ) were calculated using SigmaScan Pro 5.0. The two area measurements and the length (L) of the conical appendage were used to derive the EGV according to Lleonart's (1992) formula:
An assumption of the EGV is that the conical appendage consists of two cones; the smaller, inner cone is the digestive gland, and the remaining volume in the larger, outer cone is the gonad (see Ault, 1984 for explanatory diagram). Given that the volume of a right circular cone equals 1/3 base area x length, it is possible to estimate gonad volume from the total area of the conical appendage minus the area occupied by the digestive gland. The EGV and shucked wet weight (WW) of each animal were then used to calculate its MGBI according to the formula MGBI = EGV/WW.
For the measurement of oocytes, one hundred oocytes with a distinct nucleus (including polygonal oocytes) were traced for each female. As a precaution against heterogeneity of development within the ovary, the oocytes were measured along a transect through the center of the section. The image analysis software was set to record different area and diameter (Ø) measurements defined as follows: absolute oocyte area (OA abs ), the area inside the perimeter of the oocyte; maximum diameter (max Ø ), the greatest uninterrupted distance inside the perimeter of the oocyte and the minimum diameter (min Ø ), the greatest distance perpendicular to the max Ø . Other measurements derived from these included the standardized diameter (stand Ø = (min Ø + max Ø )/2), minimum radius (min r = min Ø /2), maximum radius (max r = min Ø /2) and mean radius (mean r = (min r + max r )/2).
Prior to calculating oocyte volume, it was necessary to establish which of the two estimates (spherical volume, SV = 4/3.π.(mean r ) 3 ; or ellipsoid volume, EV = 4/3.π.(min r ) 2 .max r ) was the most appropriate to use. The first step in this process was to determine if oocyte shape varied, as SV estimates are most accurate when oocytes are round. This was achieved by calculating the oocyte diameter ratio (ODR = min Ø /max Ø ) of 100 oocytes from 10 randomly selected females of each species and plotting these values against min Ø . The next step was to ascertain whether estimated area (OA est = π.min r .max r ) approximated the absolute area (OA abs ) as the two radii used to generate OA est would also be used to calculate oocyte volume. Estimated oocyte area was calculated using the formula for the area of an ellipse, rather than that for a circle as the former takes into account variable radii, whereas the latter does not. In each species, values of OA abs and OA est were calculated for each of the oocytes in the data sets used above, plotted against min Ø and a curve fitted. Regression analyses between min Ø , √OA abs and √OA est were run to determine the residual mean square (MS residual ) for each relationship, MS residual being the best criterion of fit when dealing with non-linear data (Quinn and Keogh, 2002) . Correlation analyses were run on √OA abs versus √OA est for each species to establish if OA est approximated OA abs . The final step in the validation process was to compare and contrast oocyte volume estimates derived using different volume formulae (SV or EV). Both SV and EV were calculated from the same data sets as used previously, plotted against min Ø and a curve fitted. Estimates of SV and EV were cube root transformed and the MS residual determined from the regressions between each variable and min Ø , with a low MS residual indicating a better fit and less variability.
Individual oocytes were not staged during this study and so we were not able to determine if potential changes in shape correlated with particular oocyte stages. However, a data set (based on 7218 oocyte observations) on stage and size frequency of oocytes from wild-caught blacklip abalone from southern Tasmania (L. Gurney, unpublished data) enabled a comparison of changes in oocyte shape and stage relative to min Ø .
Contingency table analysis
Oocyte size frequency data (derived from 100 oocyte measurements per ovary) for all females at each sampling time were used to construct a (R x C) contingency table, where R is the number of sampling times and C is the number of oocyte size classes (Grant and Tyler, 1983b) . Given that all females at each temperature and each sampling time were held under identical conditions, we assumed that they were at the same stage of development when sampled (this was later confirmed by running ANOVA on the oocyte volume data). Thus, the expected frequency (e ij ) at each point was calculated as e ij = (R i x C j )/n, where R i is the total number of oocytes in the i th size class summed over all individuals, C j is the total number of oocytes measured at the j th sampling point and n is the total number of oocytes measured. Observed (o ij ) and expected oocyte volume frequencies were used to calculate the χ 2 statistic, according to the formula χ 2 = ∑((o ij -eij) 2 /(e ij )), with (r -1)(c -1) degrees of freedom. Tables of standardized residuals for each temperature group were generated by dividing the residual r ij (where r ij = (o ij -eij)/(e ij ) 0.5 ) by the expected variance v ij (where v ij = (1-(r i /n)) x (1-(c j /n))) for all combinations of conditioning interval and size class.
Results
Increase in VGI and MGBI relative to temperature and conditioning interval
Within each species and temperature group, the increase in VGI relative to conditioning time was not significantly different between males and females, and VGI data for both sexes were pooled. The mean VGI increased linearly during conditioning in both species (r 2 = 0.58-0.73 and 0.41-0.74 for blacklips and greenlips, respectively) with the rate of change in VGI proportional to temperature (Figs 1a and 1b) .
The increase in MGBI relative to conditioning time was not significantly different between male and female blacklips or greenlips except for those greenlips held at 16ºC and 18ºC. Despite this (and in order to maximize sample size), sex was pooled within species for this analysis. The mean MGBI increased linearly during conditioning in both species (Fig. 2 ) with values ranging from 5-68 mm 3 g -1 and 5-58 mm 3 g -1 for blacklips and greenlips, respectively. The low r 2 values for the regressions between MGBI and shucked weight for blacklip (0.02) and greenlip abalone (0.01) confirm that MGBI is a size independent measure of gonad bulk in these species.
Increase in oocyte size relative to temperature and conditioning interval
The increase in oocyte standardized diameter (stand Ø ) and absolute oocyte area (OA abs ) was related to temperature and conditioning time in both species. Mean values of the stand Ø and OA abs for blacklips ranged from 59-143 µm and 34-143 x 10 2 µm 2 , respectively. Corresponding values for greenlips were 51-160 µm and 27-172 x 10 2 µm 2 , respectively.
The oocyte diameter ratio (ODR) of oocytes from both species was highly variable in oocytes with a min Ø <90 µm (Figs 3a-b) . Above 90 µm, ODR increased proportionally with min Ø , indicating a transition in oocyte shape from elliptical to round with increasing oocyte size. From Fig. 3c , it can be seen that 100% vitellogenesis occurs in blacklip oocytes >90 µm (L. Gurney, unpublished data), while Fig. 3d shows that the size frequency histogram for greenlip oocytes (this study) is similar in form.
The decision to use EV rather than SV to calculate oocyte volume was based on oocyte shape, which in turn dictated which radii values were used. High variability in ODR meant that few oocytes were perfectly round. Hence, oocyte area and volume (SV) would be over-estimated if the mean of the two radii (mean r ) was used. By contrast, the high correlation between OA est (= π.min r .max r ) and absolute oocyte area (from image analysis software) in both species (r = 0.993 and r = 0.995 for blacklips and greenlips, respectively) suggests that using min r and max r to calculate EV would produce a more accurate estimate of oocyte volume. The greater variability in SV than EV for a given minimum oocyte diameter (as indicated by the greater MS residual for SV than EV, Table 1 ) is further evidence that EV provides a better estimate of oocyte volume than SV.
Oocyte volume increased as temperature and conditioning time increased (Figs 4a and 4b) with mean oocyte volume ranging from 18-140 x 10 4 µm 3 in blacklips and 14-184 x 10 4 µm 3 in greenlips.
Estimation of the BZP for gonadal development
The r 2 values for the daily rate of increase in VGI, MGBI and oocyte volume (OV) with temperature were 0.98, 0.90 and 0.99 for blacklips (BL, Figs. 5a-c) and 0.99, 0.99 and 0.99 for greenlips (GL, Figs. 5d-f) , respectively. BZP estimates derived from the VGI and OV were similar for BL (7.8ºC and 7.6ºC) and GL (6.9ºC and 6.8ºC) but were lower for MGBI (BL = 6.0ºC; GL = 5.7ºC). In both species, the most robust estimate of the BZP was derived from the VGI, as evident by the narrower confidence intervals for this variable (Table 2) .
Contingency table analysis of oocyte volume frequency
There were significant differences between the observed and expected frequencies of oocytes in each volume class across the range of EAT conditioning intervals (calculated using the BZP estimates of 7.8ºC and 6.9ºC for blacklips and greenlips, respectively) and temperature treatments for blacklip and greenlip abalone (χ 2 = 254-1281, p < 0.001). Tables 3 and 4 show the standardized residuals for each oocyte volume class against conditioning interval at each experimental temperature for blacklip and greenlip abalone, respectively. The shift in positive residuals from top left to bottom right (i.e. the increase in volume of a cohort of oocytes over time) occurred in a similar fashion in each species and temperature group.
Discussion
Gonad development
In blacklip and greenlip abalone, estimates of the BZP for gonad development derived from the VGI (BZP VGI ) and oocyte volume (BZP OV ) were almost identical, while estimates calculated from the MGBI (BZP MGBI ) were 1.1-1.8ºC lower. For ease of comparison between species, the BZP values referred to in the remainder of the discussion are the BZP VGI estimates. In the case of H. rubra this figure was 7.8ºC, which is similar to that reported for H. discus hannai (7.6ºC; Kikuchi and Uki, 1974a ). The BZP estimate for H. laevigata (6.9ºC) is comparable to that of H. discus discus (5.3ºC; Kikuchi and Uki, 1974b ), H. australis and H. iris (5.0ºC and 6.2ºC, respectively; Kabir, 2001) .
Unlike the situation off the coast of Japan for H. discus hannai and H. discus discus (Kikuchi and Uki, 1974a,b) , minimum monthly water temperatures experienced by blacklip and greenlip abalone in southern Australian waters do not fall below their BZP. Hence, gonad growth is possible throughout the year, with at least part of the population always reproductively mature (Shepherd and Laws, 1974; McShane et al., 1986; Wells and Mulvay, 1992) . In theory, water temperatures during summer/autumn (when the differential between the BZP and ambient temperature is greatest) should promote faster gonad growth than in winter/spring. However, in some cases, high summer water temperatures (e.g. >22ºC) experienced by blacklip and greenlip abalone may stress some (or all) individuals, resulting in gonad development being "deferred" until water temperature fall backs within the preferred range. This, in conjunction with seasonal variations in feed availability and other environmental factors, may explain the presence of mature animals in wild populations at any time of the year.
In mature H. rubra and H. laevigata, the gonad covers not only the digestive gland, but most of the stomach as well (pers. obs.). Indeed, Lleonart (1992) showed that in mature H. laevigata, just 24% of the total volume of the gonad resides in the conical appendage. This is in contrast to the findings of Tutschulte and Connell (1981) , who stated that most of the gonadal tissue is contained in the conical appendage when referring to H. corrugata, H. fulgens and H. sorenseni. While the proportion of gonadal tissue in the conical appendage may vary between species, the effectiveness of the MGBI as a measure of gonad growth is not diminished (at least within species), providing the rate of growth is consistent across the entire gonad. In light of the small volume of gonad in the conical appendage of H. rubra and H. laevigata, we took a slightly different measure of the conical appendage compared to previous studies on gonad volume. The apex of the visceral spire, rather than the base of the conical appendage (see Ault, 1984) , was used as the posterior measurement point. Hence, the EGV and MGBI values are greater than they would have been with the standard method.
The MGBI estimates for blacklips (5-68 mm 3 g -1 ) and greenlips (5-58 mm 3 g -1 ) obtained here were similar or slightly lower than values for other species (Tutschulte and Connell, 1981; Ault, 1985; Wood and Buxton, 1996; Capinpin et al., 1998) . By contrast, our upper MGBI estimate for greenlips is greater than that reported by Lleonart (1992) since he used whole body weight, rather than shucked weight in the estimates. While we found small differences in maximum MGBI between H. rubra and H. laevigata, Tutschulte and Connell (1981) reported much larger differences for Californian abalones, the maximum value for H. corrugata being 110 mm 3 g -1 as opposed to 180 mm 3 g -1 for H. sorenseni. Clearly, the volume occupied by the gonad, relative to the shucked weight of the animal differs between species. This in turn leads to species differences in both overall and weight-specific fecundity, bearing in mind that oocyte size varies between species (Sawatpeera et al., 2001) .
The degree to which the EGV correlates with potential fecundity (i.e. egg counts from ovarian tissue) was not examined here as we believe that this measure of fecundity tends to overestimate the number of eggs that are actually spawned. The extent of the overestimate is dependent on the degree of partial spawning, absorption or necrosis of oocytes and/or the presence of multiple cohorts of oocytes in some species (e.g. Newman, 1967; Jebreen et al., 2000) .
Oocyte development
The standardized diameter, area and volume of oocytes of H. rubra and H. laevigata increased proportionally with temperature and conditioning interval. The standardized diameters of oocytes recorded here were within the range of values previously reported for these species (Harrison and Grant, 1971; Shepherd and Laws, 1974; McShane et al., 1986; Lleonart, 1992) , while oocyte areas were similar to those of H. iris and H. australis (Wilson and Schiel, 1995; Kabir, 2001) .
Only Hahn (1994) has previously recorded oocyte volume for abalone. He calculated the maximum oocyte volume at 9.5 x 10 4 µm 3 for H. discus hannai using the formula for the volume of a sphere, which equates to a standardized diameter of 122 µm. This was less than the maximum oocyte diameters for H. rubra and H. laevigata reported here (143 µm and 160 µm, respectively). We calculated oocyte volume based on an ellipsoid shape and the data show that volume increases linearly during conditioning, whereas Hahn's (1994) work, using spherical volume, suggests an exponential increase. Hahn (1994) argued that conventional methods used to express oocyte size, such as oocyte diameter, resulted in over-emphasis of smaller oocytes and under-emphasis of larger oocytes. He used the lesser diameter of stalked oocytes and the mean diameter of polygonal or round oocytes when calculating their volume. However, small, stalked oocytes are teardrop (almost elliptical) in shape, so using the lesser diameter of these oocytes under-estimated volume. Furthermore, using the mean diameter of the larger polygonal oocytes when calculating their volume leads to over-estimates as they are not perfectly round. By using the formula for the volume of an ellipsoid, we minimized both sources of error.
Comparing patterns in standardized residuals of blacklip and greenlip oocytes during conditioning with similar data from other haliotid studies is complicated by a number of factors. Both Lleonart (1992) and Moss (1998) expressed oocyte size as diameter, Kabir (2001) presented oocyte area, while Hahn (1994) calculated oocyte volume, using a different methodology. Furthermore, the range of oocyte size classes and sampling frequencies varied between the studies. If sampling is infrequent or oocyte size ranges too broad, this reduces the degrees of freedom for significance testing and the number of standardized residuals in the table. Hence, the difference between some residuals may not be significant, masking fine scale changes in oocyte development. We recommend that oocyte volume size classes be presented in geometric progression, as the rate of change in volume is much greater in large oocytes than in small ones.
The means of expressing conditioning interval is also important in presenting data on the dynamics of gonad or oocyte size of haliotids. Since each species has a different BZP, the EAT interval, rather than conditioning time (in days), should be used. Hahn (1994) identified this issue and related the EAT interval to oocyte volume and to tables of standardized residuals. However, Kabir (2001) presented conditioning times in days for H. iris and H. australis, but since he also determined the BZP's, the EAT conditioning intervals can also be calculated. Clearly, sampling frequency, the number of oocyte size categories and the means by which conditioning interval and oocyte size are expressed need to be sufficient to allow comparisons between such studies in future.
Conclusions
This study showed that the rate of gonad development in both blacklip and greenlip abalone was dependent on the cumulative difference between the holding temperature and the BZP. The BZP for gonadal development of blacklip abalone was 7.8ºC and that of greenlip abalone was 6.9ºC. The ODR during early oogenesis of both species was highly variable, but above a minimum diameter of 90µm oocyte shape was less variable and ODR approached 1. The use of the formula for the volume of an ellipsoid rather than of a sphere provided the more accurate estimate of actual oocyte volume. We recommend that future works on contingency table analysis of oocyte size frequency in abalone use ellipsoid volume and pay particular attention to sampling frequency, categorization of oocyte size classes and the means of expressing conditioning time (using EAT degree days). Table 1 . Power functions describing the relationships between minimum oocyte diameter (x) and absolute area (OA abs ), estimated area (OA est ), spherical volume (SV) and ellipsoid volume (EV) in blacklip and greenlip abalone. The value of the mean square residual (MS residual ) is proportional to the degree of variability in the data. 
